The herbicide Sandoz 6706 (4-chloro-5-(dimethylamino)-2-a a, a, (trifluoro-m-tolyl)-3(2H)-pyridazinone), when applied as a preplant soil treatment at a concentration of 0.05 ,ig/g reduced the content of ,B-carotene and chlorophylls in 21-dayold wheat seedlings (Triticum aestivuml L.) by 55% and 29%, respectively, without affecting the fresh or dry matter of the seedlings. At 0.8 ug/g, the herbicide reduced the content of A-carotene and chlorophyll by as much as 98%, while the fresh weight of the albino seedlings was reduced by only 24%. Koren (unpublished data, 1971) compared the herbicidal activity of several pyridazinone compounds and observed that San 67064 and San 9789 (4-chloro-5-(methylamino)-2-a,a, a, (trifluoro-in-tolyl)-3(2H)-pyridazinone) caused remarkable and similar phenomenon of Chi bleaching in test plants. These findings and the report published by Bartels and Hyde (3), led us to study the effect of San 6706 on the biosynthesis of carotenoid and Chl in wheat seedlings.
respectively, without affecting the fresh or dry matter of the seedlings. At 0.8 ug/g, the herbicide reduced the content of A-carotene and chlorophyll by as much as 98%, while the fresh weight of the albino seedlings was reduced by only 24%. The effect of the herbicide on chlorophyll b was much stronger than on chlorophyll a. Time course studies of pigment synthesis in Sandoz 6706-treated seedlings showed that chlorophyll, ,3-carotene, cyclic xanthophylls, phytoene, phytofluene, and <-carotene were accumulating during the first 7 days after sowing. Later on, there was a sharp decline in the content of chlorophyll and /3-carotene and a gradual reduction in the content of phytofluene, <-carotene, and cyclic xanthophylls; the content of phytoene remained essentially unchanged. Coinciding with the drop in content of f8-carotene and chlorophyll, there was a remarkable increase in the content of epoxy phytoene. It is suggested that Sandoz 6706 might act as an inhibitor of the cyclization reaction in the biosynthetic pathway of carotenoids and that other effects, such as the bleaching of chlorophyll, are a consequence of this inhibition.
With the growing use of herbicides in recent years much effort has been made to elucidate their mode of action. Various mechanisms of action were proposed by different authors, and have been reviewed recently (1, 9) .
Only lately has the inhibition of carotenogenesis been considered as a possible mechanism of action of several chemically unrelated herbicides (10) . Burns et al. (10) have shown that treatment of wheat seedlings with amitrole, dichlormate, and pyriclor resulted in the inhibition of the normal biosynthetic ' Contribution from the Agricultural Research Organization, The Volcani Center, Bet Dagan, Israel. 1973 The hydrocarbon carotenoids (fraction I) were separated by TLC on MgO-Keiselgur G (1:1) with 10% benzene in P.E., as developing solvent, and on Silica Gel G with 0.5% ether in P.E. as described by Britton and Goodwin (8) (Fig. 2) that the Chl content in treated plants was smaller than in untreated plants. Time course studies (Fig. 3, a and b) revealed that these differences became apparent only on the fifth day after sowing. It was also found that the herbicide had a marked effect on the pattern of the Chl accumulation curve. The content of Chl in the untreated seedlings increased with time up to 13 days with only a slight decrease later on, whereas in the treated seedlings maximal Chl accumulation appeared on the 7th day with a strong decline afterwards. On the 13th day the Chl content of the treated seedlings was only 8 % of that of the control.
The time course curve of carotenoid synthesis is presented in Figure 3 , c and d. Most of the carotenoid accumulation occurred in the untreated seedlings up to the 13th day, whereas in the treated seedlings it occurred up to the 7th day. Moreover, in the treated seedlings maximum synthesis of /3-carotene was observed after 7 days, with a strong decline thereafter. This decline coincided with the disappearance of Chl.
An important finding was the progressive inhibition of /3-carotene synthesis and the concomitant appearance or f. precursors (mainly phytoene and phytofluene) in the treated plants. The appearance of a large amount of phytoene was followed by the production of phytoene epoxide and diepoxide (up to 35% and 8% of the total carotenoid, respectively). The results presented in Figure 3d show an accumulation of phytoene in the treated seedlings during the first 7 days. tration of this carotenoid (as a percentage of total xanthophyll) remained unchanged in the treated seedlings, whereas in the control it rose from 9.8% after 7 days to 24.5% after 13 days.
The results show that the herbicide treatment did not cause a preferential synthesis of any xanthophyll, although there is some indication that after 7 days the percentage of zeaxanthin in the treated seedlings was higher than that of the control.
DISCUSSION
The herbicide San 6706 when applied as a preplant soil treatment to wheat caused a profound decrease in the content of colored carotenoids and Chl. The results reported in this work indicate that the herbicide inhibits the synthesis of ft-carotene and that other effects, such as the accumulation of phytoene, phytofluene and g-carotene, appear to be a consequence of this inhibition.
Five days after treatment the cyclic xanthophylls, which comprised about 50% of the total carotenoids of untreated wheat seedlings, were not affected by the presence of the herbicide, whereas the ft-carotene content was strongly reduced. Although f-carotene synthesis was strongly inhibited, its accumulation continued until 7 days after sowing. The moderate reduction in the content of xanthophylls in the treated seedlings which occurred later on, was probably a result of the inhibition of the synthesis of its precursors, namely, a-and ,f-carotene. This finding is explained by the fact that the introduction of oxygen functions into carotenoids is believed to occur at a late stage in the biosynthesis of carotenoids (6, 20) .
The accumulation and decline of Chl in the treated seedlings coincided with that of ft-carotene (see Fig. 3, b and d) . Because it is believed that carotenoid pigments are necessary for the prevention of chloroplast disruption (2, 21) and Chl photooxidation (17) , it is suggested that once the level of f-carotene in the San 6706-treated seedlings dropped from its maximum, a much more rapid bleaching of Chl occurred, which resulted in albino seedlings.
Bartels and Hyde (3) (12) . The results obtained in this study showed that San 6706 exerted its effect on carotenoid synthesis before any significant change in the Chl content was observed. In addition, Bartels and McCullough (4) showed that San 6706 had a very slight effect, if any, on the synthesis of a-tocopherol of wheat seedlings in the dark or in low light intensity, while at the same time the synthesis of the colored carotenoids were drastically inhibited.
The fact that tc-carotene (one of the acyclic precursors of ,f-carotene) was not found by Bartels and McCullough (4) (6, 12, 13) . The data in this study show that in addition to the accumulation of phytoene, phytofluene, and a-carotene, there was an accumulation of epoxides (mainly those of phytoene but also of phytofluene and ?-carotene). Phytoene 1, 2-epoxide was first discovered by Britton and Goodwin (7) in ripe tomato fruit. Recently, Ben-Aziz, et al. (5) isolated and characterized the epoxides of other components of the phytoene lycopene sequence. The biological significance attached to the production of these carotenoids is not known. According to Goodwin (13) , maturing fruit represents a senescing system, and it may be that the phytoene series leak out of the disintegrating chromoplasts and are attacked in the cytoplasm by squalene oxidase, which is not a particularly specific enzyme. This hypothesis may be used for explaining the appearance of phytoene and phytofluene epoxides in the San 6706-treated seedlings, since disruption of plastids occurs in the absence of colored carotenoids.
The appearance of large amounts of phytoene epoxides in the treated seedlings coincided with the disappearance of ,f-carotene and Chl. The question is whether the oxygen of these epoxides was derived from excited Chl-oxygen complexes. Such a mechanism, which operates via the xanthophyll epoxides cycle, has been postulated by Krinsky (17) . Thus, one may assume by analogy that the mechanism of epoxidation of the colorless carotenoids, such as phytoene and phytofluene, may serve as a temporary buffer against the harmful effect of excited Chl.
The results presented in Figure 2b show that maximum production of phytoene diepoxide occurred in the 0.2 ,ug/g San 6706 treatment and that with 0.8 ,ug/g the content of phytoene diepoxide dropped sharply. Whether this indicates that in a
